Background: Temperature concomitantly modulates kinetic and adsorption properties in heterogeneous enzyme catalysis. Results: Affinity-activity relationships for four Cel7A cellobiohydrolases are characterized over a broad temperature interval. Conclusion: Cellobiohydrolases are strongly activated by temperature at high, but not at low, substrate loads. Significance: Fundamental insight into cellulolytic mechanisms at high (industrially relevant) temperatures is gained.
We measured hydrolytic rates of four purified cellulases in small increments of temperature (10 -50°C) and substrate loads (0 -100 g/liter) and analyzed the data by a steady state kinetic model that accounts for the processive mechanism. We used wild type cellobiohydrolases (Cel7A) from mesophilic Hypocrea jecorina and thermophilic Rasamsonia emersonii and two variants of these enzymes designed to elucidate the role of the carbohydrate binding module (CBM). We consistently found that the maximal rate increased strongly with temperature, whereas the affinity for the insoluble substrate decreased, and as a result, the effect of temperature depended strongly on the substrate load. Thus, temperature had little or no effect on the hydrolytic rate in dilute substrate suspensions, whereas strong temperature activation (Q 10 values up to 2.6) was observed at saturating substrate loads. The CBM had a dual effect on the activity. On one hand, it diminished the tendency of heat-induced desorption, but on the other hand, it had a pronounced negative effect on the maximal rate, which was 2-fold larger in variants without CBM throughout the investigated temperature range. We conclude that although the CBM is beneficial for affinity it slows down the catalytic process. Cel7A from the thermophilic organism was moderately more activated by temperature than the mesophilic analog. This is in accord with general theories on enzyme temperature adaptation and possibly relevant information for the selection of technical cellulases.
Cel7 cellobiohydrolases (cellulose 1,4-␤-cellobiosidase (reducing end): EC 3.2.1.176) are among the most effective cellulolytic enzymes and play an essential role in decomposition processes performed for example by ascomycete fungi. They also make up the dominant component in enzyme mixtures used industrially to convert lignocellulosic biomass to fermentable sugars (so-called saccharification). Both of these aspects have generated a substantial research interest in this group of enzymes (1, 2) , and many structural, mechanistic, and phylogenic questions have been elucidated over the past decades. This work has established that some cellobiohydrolases follow a quite extraordinary reaction path with an initial attack on the end of the cellulose strand followed by sequential release of cellobiose as the enzyme slides along the cellulose crystal with a single polysaccharide strand threaded through a long tunnel with the catalytic site located toward the end. This processive mechanism is considered an effective way (3) (4) (5) to overcome the high chemical and physical stability of cellulose (6, 7) and therefore an important element in natural carbon cycling.
One key question in both fundamental and applied Cel7A research is how temperature affects this complex process, and different aspects of this have been addressed in earlier studies. Many of these have been motivated by industrial questions or aimed at clarifying the optimal temperature range for different wild type enzymes or engineered variants with improved thermal stability (8 -13) . This type of work typically quantifies the amount of soluble sugar produced from an insoluble substrate in end point measurements at variable temperatures with other experimental parameters kept constant. Some studies have applied a broader methodology and investigated temperature effects as a function of contact time and the loads of enzyme and (insoluble) substrate, respectively, and used this to identify optimal hydrolysis conditions (14, 15) . In many cases, the overall rate of cellulose hydrolysis for purified enzyme or enzyme mixtures has been measured at different temperatures and interpreted along the lines of the Arrhenius equation. However, reported activation energies, E a , vary (16 -22) , and in some cases, it is difficult to assign a physical meaning to reported E a values as they are not defined with respect to a specific reaction scheme. Some studies have analyzed temperature effects on cellulolytic activity with respect to specific kinetic models. The majority of this work has used soluble substrate analogs, which are convenient to assay and allow interpretation within the Michaelis-Menten framework (1, 23, 24) . This approach has provided important knowledge of the temperature response of cellulases including insight into differences between enzymes from organisms adapted to different temperatures. In contrast, work on small soluble substrates obviously does not capture any special behavior pertaining to processive hydrolysis of an insol-uble substrate. A few studies have addressed this latter issue and analyzed the results with respect to deterministic models. Examples of this includes work by Zhang et al. (16) , who studied the hydrolysis of rice straw by a crude cellulase extract between 37 and 50°C and used a fractal kinetic model to rationalize the results. More recently, Ye and Berson (26) tested a kinetic model that accounted for both hydrolysis and enzyme inactivation against experimental data for a commercial enzyme mixture at different temperatures. Their results suggested that E a for hydrolysis and inactivation was of comparable size (ϳ70 kJ/mol). Brown et al. (27) tested a number of previously developed steady state models against a set of data based on lignocellulosic biomass and a fungal enzyme mixture. They concluded that a three-parameter model, which accounted for the number of reactive sites covered by the enzymes, represented their data well. This approach gave a linear Arrhenius plot with an activation energy of 48 kJ/mol.
However, systematic investigations of temperature effects on the hydrolysis of insoluble substrate are scarce, and we are not aware of any earlier studies on monocomponent cellulases that report systematic temperature-activity data and rationalize them with respect to a relevant theoretical framework. To address this, we implemented a medium throughput assay and measured activity and adsorption in small increments of temperature (10 -50°C) and substrate load (0 -100 g/liter). Results from 1-h trials with a pure cellulose substrate (Avicel) were used to estimate steady state reaction rates at low degrees of conversion and were analyzed with respect to a MichaelisMenten-type model for processive enzymes described previously (28) . We report the temperature dependence of kinetic parameters for four processive enzymes, which were selected to clarify affinity-activity relationships and the effect of natural adaptation to higher temperatures. Specifically, we compared Cel7A enzymes from Hypocrea jecorina (often identified by the name of its anamorph, Trichoderma reesei) and the thermophile Rasamsonia emersonii (previously Talaromyces emersonii) (29) . The catalytic domains of these two enzymes are structurally homologous and have a sequence identity of 66% (30) , but the intact enzymes are distinctively different in the sense that H. jecorina Cel7A has a two-module architecture with a catalytic domain and a family I carbohydrate binding module (CBM) 2 connected through a flexible, glycosylated linker (31). Conversely, R. emersonii Cel7A only consists of a catalytic domain (30, 32) . In addition to these two wild type enzymes, we also studied two enzyme variants designed to highlight the role of the CBM. One was the catalytic domain of H. jecorina Cel7A without CBM and linker, and the other was a chimeric protein composed of the linker and CBM from H. jecorina Cel7A and the R. emersonii enzyme. Henceforth, we will refer to these enzymes by their origin (Hj or Re) followed by subscript "CORE" or "CBM" for one-and two-domain variants, respectively (e.g. Hj CBM for the H. jecorina wild type).
Experimental Procedures
Enzymes-H. jecorina Cel7A and R. emersonii Cel7A wild types were expressed in Aspergillus oryzae as described previously (33) . Expression of the fusion protein (Re CBM ) and the H. jecorina Cel7A core (Hj CORE ) (residues 18 -453 of UniProt entry G0RVK1) has also been described earlier (33) . All enzymes were purified from fermentation broths by hydrophobic interaction chromatography followed by ion exchange chromatography on the Ä KTA system (GE Healthcare). Fermentation broths were filtered through a bottle polyethersulfone top filter with a 0.22-m cutoff, and ammonium sulfate was added to make a 1.8 M solution. Subsequently, the fermentation broths were applied to a 200-ml phenyl-Sepharose 6 (high sub) FastFlow column XK50 (GE Healthcare), which had been pre-equilibrated with 1.8 M ammonium sulfate, 25 mM HEPES, pH 7.0. The column was washed with equilibration buffer followed by 0.54 M ammonium sulfate. Cel7As were batch-eluted with 25 mM HEPES, pH 7.0 and desalted on a Sephadex TM G-25 (medium) column (GE Healthcare) equilibrated with 25 mM MES, pH 6.0. Next, the Cel7As were applied to a 60-ml SOURCE TM 15Q column (GE Healthcare) equilibrated with 25 mM MES, pH 6.0. Cel7As from H. jecorina were eluted with a linear 50 -300 mM sodium chloride gradient for 3 column volumes, whereas R. emersonii enzymes were eluted with a 100 -200 mM sodium chloride gradient for 1.5 column volumes followed by 1.5 column volumes of 300 mM sodium chloride. Fractions were analyzed for the presence of Cel7A by SDS-PAGE using 12-well NuPAGE 4 -12% Bis-Tris gel (GE Healthcare). As estimated by SDS-PAGE and non-denaturing PAGE, the cellulases were purified to apparent homogeneity. The concentration of purified enzyme stocks was measured by amino acid analysis. Protein samples were dried down and hydrolyzed in 18.5% HCl, 0.1% phenol at 110°C for 16 h. Amino acid analyses were performed by precolumn derivatization using the Waters AccQ-Tag Ultra method. In short, amino acids were derivatized by the AccQ-Tag Ultra reagent, separated with reversed phase ultraperformance LC (Waters), and the derivatives were quantitated based on UV absorbance. Enzyme concentrations were also measured by conventional UV absorption (34) Activity Assay-Hydrolysis of insoluble cellulose was quantified by the para-hydroxybenzoic acid hydrazide method (35) . Avicel PH101 (Sigma-Aldrich) was washed six times in Milli-Q water and twice in buffer (50 mM acetate, pH 5.0; henceforth called standard buffer). Washed Avicel PH101 was suspended in 50 mM acetate, pH 5.0, and aliquots of 230 l with loads between 0 and 106 g/liter were transferred to 96-well plates (96F 26960, Thermo Scientific). The outermost wells of the microtiter plate were not used for hydrolysis experiments. The plates were initially equilibrated at the experimental temperature (10 -50°C) for 20 min in an Eppendorf Thermomixer, and the reaction was started by the addition of 20 l of enzyme stocks to a final concentration of 400 nM. The plates were mixed at 1100 rpm at the desired temperature for 1 h, and the reaction was then stopped by centrifugation for 3 min at 3500 rpm at 5°C (Hereaus Multifuge 3 S-R). The choice of reaction time and enzyme concentration was made after initial trials had shown readily detectable product concentrations (Ͼϳ1 M) at the lowest temperatures and substrate loads studied here. It was also suitable in the sense that product concentrations in samples with the highest substrate loads were much lower than published inhibition constants for Cel7A (36 -38) . Hence, we neglected product inhibition in the data analysis. To measure the concentration of soluble, reducing sugars, 50 l of supernatant was transferred to 96-well PCR sample tubes (0.2-ml nonskirted 96-well PCR plate, AB0600, Thermo Scientific) and 75 l of 15 mg/ml para-hydroxybenzoic acid hydrazide solution (4-hydroxybenzhydrazide; H9882, Sigma) dissolved in buffer (0.18 M potassium sodium tartrate (108087, Merck) was added. Subsequently, the PCR sample tubes were placed in a Peltier thermal cycler and incubated at 95°C for 10 min and 20°C for 5 min. One hundred microliters were transferred from the 96-well PCR sample tubes to a 96-well plate (96F 26960, Thermo Scientific). Absorption at 405 nm was determined in a plate reader (Molecular Devices SpectraMax M2), and the soluble reducing sugars were quantified based on standards with 0 -0.5 mM cellobiose. Blanks (without enzyme) were included and subtracted for all measurements. All experiments were carried out in triplicates. Adsorption-One hundred microliters of supernatant was retrieved from each sample in the activity assay and transferred to a 96-well microtiter plate (655079, Greiner Bio One). The intrinsic protein fluorescence at 340 nm was determined in a plate reader (Molecular Devices SpectraMax M2) using an excitation wavelength of 280 nm. For these experiments, standard curves ranging from 0 to 800 nM Cel7A (Hj CBM , Hj CORE , Re CBM , or Re CORE ) were included.
Kinetic Theory-Measurements of hydrolytic activity were analyzed by a steady state model for processive enzymes (28, 39) . The starting point is a simplified scheme (Scheme 1), which uses three rate constants and a processivity number to describe the reaction. It is assumed that the free enzyme, E, combines with a cellulose strand, C m , to form a complex, EC m . The complex now goes through consecutive catalytic steps, which release the product cellobiose, C, and concomitantly shorten the cellulose strand to EC m Ϫ 1 , EC m Ϫ 2 , etc. This course is governed by the rate constants, p k on , p k cat , and p k off as specified in the scheme (subscript p in front of the parameter indicates its relationship to the processive Scheme 1). The last parameter, n, is the average number of steps following one association (the processivity number), which can be measured experimentally albeit with some technical challenges (40) . We note that Scheme 1 was chosen as a compromise between the structural and empirical understanding of Cel7A catalysis on one hand and simplicity on the other hand. Other descriptions of the reaction course could be equally meaningful and able to fit the data, although we surmise that the current level of structural and quantitative data for association and dissociation would be too limited to justify more complex reaction schemes.
The steady state rate of cellobiose production, p v ss ϭ d[C[/dt, can be expressed (28) as follows.
where E 0 and S 0 are the total concentration of enzyme (in M) and substrate (in g/liter), respectively. To simplify Equation 1 and illustrate its relationship to the usual Michaelis-Menten equation, we define a maximal processive rate, p V max , and a processive analog of the Michaelis constant, p K m .
Inserting Equation 2 into Equation 1 yields the usual hyperbolic form.
We note that p v ss is an approximation of the steady state rate as Cel7A (as well as other cellulases) show so-called non-linear kinetics where the progress curves never become fully linear. However, we have previously discussed advantages and limitations of Equation 3 and suggested that it is useful for the analysis of short experiments like those considered here (28) . The strategy for the current work was to fit Equation 3 to experimental data for p v ss (S 0 ) at different temperatures and for different enzymes. The resulting parameters, p V max and p K m , and their temperature dependence were then used to illustrate temperature effects on affinity and kinetics.
Results
Steady state rates, p v ss , for the four investigated enzymes were estimated as the ratio of the final cellobiose concentration and the contact time (1 h) and normalized with respect to the total enzyme concentration (E 0 ϭ 0.40 M) to obtain the specific activity, p v ss /E 0 , in units of s Ϫ1 . Fig. 1 illustrates how this parameter changed with substrate load and temperature; symbols represent experimental data, and the lines are best fits of Equation 3 . It appears that the model accounted well for the data under all investigated conditions. The highest conversions of Avicel reached in these experiments were below 1% (in most cases much below).
The kinetic parameters p V max /E 0 and p K m derived from the non-linear regression are listed in Table 1 and plotted as a function of temperature in Fig. 2 . In most cases, the highest measured rate was close to p V max , and as a result, the two kinetic parameters in Equation 3 could be well resolved with very low parameter interdependence. However, for one-domain enzymes at the highest investigated temperatures, saturating SCHEME 1. Simplified reaction scheme used to characterize processive activity of Cel7A enzymes against insoluble cellulose. conditions were well above the accessible range of substrate loads. This led to parameter interdependence between p V max and p K m and hence larger uncertainty (see Table 1 ). In these cases, only the initial slope (the specificity constant; see below) was precisely determined. One interesting result here is that at specified temperatures both p K m and p V max are consistently higher for the one-domain enzymes (Hj CORE and Re CORE ) compared with enzymes with a CBM (Hj CBM and Re CBM ). These differences are quite pronounced. Hence, p V max is about twice as high for the one-domain enzymes throughout the investigated temperature range, and the effect on the CBM on p K m is even larger. Table 1 and Fig. 2 also show the processive analog of the specificity constant, p .
The temperature dependence of this parameter is illustrated in Fig. 2C , and it appears that p is both larger and more temperature-dependent for two-domain enzymes compared with variants with no CBM.
To further characterize temperature dependence, we made Arrhenius plots (i.e. natural logarithm of the parameter plotted against the reciprocal of the absolute temperature) for the data in Fig. 2 . The results in Fig. 3 show linear relations, although the experimental scatter for p was quite high in some cases. Activation energies, E a , derived from the slopes in Fig. 3 were 60 -70 kJ/mol for p V max (Fig. 3A) , 37-52 kJ/mol for p K m (Fig. 3B) , and 9 -16 kJ/mol for p (Fig. 3C) .
Implications of these energy barriers along with other activation parameters pertaining to Scheme 1 are discussed in the companion article (62) . Here, we are only interested in these plots as a practical measure of the temperature dependence of a kinetic parameter. One intuitive way to express the logarithmic relation is the so-called Q 10 value, which signifies the relative 2 were derived from the regression analysis shown in Fig. 1 . These two parameters were used to calculate the processive specificity constant, p , defined in Equation 4. The last column shows the partitioning coefficient calculated from the free enzyme concentration measured at the end of the 1-h hydrolysis experiment (see Fig. 5 (41) . This means that the reaction was much more activated by temperature at high substrate loads (Q 10 for p V max was 2.1-2.6) than at low substrate loads (Q 10 for p was 1.1-1.2). It is also interesting to consider average Q 10 values for the investigated one-and two-domain enzymes and hence the effect of the CBM on temperature acti- 3 The Q 10 values can be estimated from the activation energies, ln(Q 10 ) ϭ 10E a /RT 2 , at a given temperature. A statistically better approach is to plot the natural logarithm of a parameter against the temperature (rather than the reciprocal temperature). The slope of this plot, ␣, is a direct (temperature-independent) measure of Q 10 , ln(Q 10 ) ϭ 10␣. We tried both ways and found the same results probably because the investigated temperature interval is quite small on the Kelvin scale. To further illustrate relationships among temperature, activity, and the CBM, we replotted data from Fig. 1 to directly compare pairs of enzymes with and without binding module. An example for H. jecorina (i.e. a comparison of Hj CBM and Hj CORE ) at T ϭ 30°C is shown in the inset of Fig. 4 . It appeared that the two-domain enzyme was more active at low substrate load (below ϳ35 g/liter), whereas the opposite was true at higher loads. The effect was quite pronounced, and the onedomain enzyme outperformed the wild type by about 40% at the highest loads in Fig. 4 . It also appears from the figure that the one-domain enzyme does not reach saturating conditions in the current experiments, and this underlies the observation (Table 1) that the difference in maximal rates for the two variants was even larger (about 2-fold) than the difference in p v ss shown in Fig. 4 . Analogous plots revealed that a crossover occurred at all investigated temperatures (and for both Hj and Re enzymes), and the main panel in Fig. 4 shows how the substrate load at the crossover point changed with temperature. This plot shows that at 10°C the one-domain variant was most active except in very dilute substrate suspensions (below 5-10 g/liter). Conversely, at 50°C, the two-domain enzyme was more effective over most of the investigated range and only became inferior to the CBM-free variant when the substrate load exceeded 70 -80 g/liter.
The distribution between free and adsorbed enzyme was measured in all samples at the end of the hydrolysis experiments.
Results of these measurements are presented in Fig. 5 , which shows the fraction of bound enzyme as a function of the substrate load. It appears that adsorption is strongly promoted by the CBM, particularly at high temperatures where a much higher fraction of the two-domain enzymes is bound compared with enzymes without a CBM. Fig. 5 also illustrates that at low substrate loads (below 30 -40 g/liter) increasing temperature (at a fixed substrate load) consistently lowers the bound fraction, and this negative effect of temperature on adsorption is more pronounced for the single-domain enzymes. At higher loads of substrate where binding sites were in large excess, enzymes with a CBM were essentially fully adsorbed, and no effect of temperature could be detected. At the lower substrate loads where the effect of temperature on adsorption was largest, the CBM appeared to protect against temperature-induced affinity loss somewhat more in Hj CBM compared with Re CBM . As the sequence of the linker and CBM (as well as the expression organism) were the same in both cases, this is unlikely to depend on differences in the CBM itself. It could reflect that the Hj CBM enzyme with its native linker and binding module showed some kind of cooperative interaction, which was absent in the artificial fusion of the CBM-less Re wild type and the CBM from H. jecorina. To quantify the absorption data, we converted it to substrate coverage, ⌫, in units of mol of enzyme/g of cellulose using the relationship ⌫ ϭ (E 0 Ϫ [E])/S 0 where [E] is the measured free enzyme concentration. We plotted ⌫ against the free enzyme concentration, [E] (not shown), and determined the slope for [E] 3 0. This is the so-called partitioning coefficient, K p , which is often used as a measure of the overall affinity of a cellulase for the cellulose surface (42, 43) . Values of K p are listed in Table 1 . 
Discussion
The effect of temperature on cellulolytic enzyme activity is of direct interest within different research fields. For example, it has been hypothesized that temperature activation of cellulases and related glycoside hydrolases that decompose soil organic matter could shift natural carbon stocks toward more atmospheric CO 2 as the climate gets warmer (44) . If indeed so, this would generate a positive feedback loop for global warming, and any attempt to predict such effects relies heavily on an understanding of the activation of relevant enzymes (1). Within biotechnology, the interest in cellulases is primarily driven by their use in emerging industries that produce bioethanol from lignocellulosic feedstock. In the industrial saccharification process, it is desirable to use as high a temperature and solid loadings as possible (45, 46) , and many studies have therefore investigated optimal temperatures both for wild types and thermostable variants (8 -13) . Although ill-defined from a rigorous point of view (47), the optimal temperature specifies the location of the maximum that usually appears when the activity against a certain substrate is plotted as a function of temperature. It occurs as a result of two independent processes. Catalytic reactions are accelerated as temperature increases, but at the optimal temperature, this is balanced out by thermal inactivation of the enzyme, and at still higher temperatures, activity is reduced due to rapid inactivation. The balance of these two processes must be considered in any enzyme temperature study. For the current enzymes, earlier work has suggested a very small degree of inactivation of Hj CBM under the conditions studied here (1-h contact with Avicel and T Ͻ 50°C) (48) , and as R. emersonii Cel7A is significantly more thermostable than the H. jecorina enzyme (49), it appears safe to assume that thermal inactivation can be generally neglected in this work. Therefore, we will henceforth interpret the results with respect to the effect of temperature on catalysis and adsorption without interference from enzyme inactivation.
Cellulases perform heterogeneous catalysis, and this implies that only surface-adsorbed enzymes are potentially active. Many earlier works have shown that the adsorbed population of both two-domain Cel7A and isolated CBM decreases with increasing temperature (42, 43, 50, 52, 53) , and it follows that temperature-activity relationships on insoluble substrate may be seen as a balance between accelerated reaction steps on one hand and a shift toward less surface-adsorbed (potentially active) enzyme on the other hand. The results in Table 1 allow evaluation of these two contributions. Thus, the parameter p V max /E 0 is the specific rate at saturating substrate loads where all enzyme is per definition adsorbed. We found strong thermoactivation for this parameter with Q 10 values of 2.1-2.6, and we interpret this as a measure of the temperature-induced acceleration of the catalytic reaction devoid of contributions from shifts in the adsorption equilibrium. Earlier studies on soluble substrate analogs have suggested a comparable or moderately lower temperature sensitivity of V max for cellobiohydrolases (1, 24, 54) , and hence there were no signs of pronounced effects of an insoluble substrate on temperature activation at saturating substrate loads. Comparing the two enzymes, Re CBM and Re CORE , from a thermophile organism with the analogous enzymes from the mesophile H. jecorina suggested a higher thermoactivation for the former ( p V max had Q 10 values that were higher by 0.2-0.3 unit for R. emersonii). This behavior is in line with theories suggesting stronger thermoactivation (i.e. higher activation energies) of enzymes adapted to higher temperatures (23, 55) , and a similar behavior has been seen in some (54) but not all (1) earlier cellulase studies using soluble substrate analogs.
At low substrate loads, we found a very different picture with a much lower degree of temperature activation. Hence, Q 10 values for p , which is the apparent second order rate constant that governs the hydrolytic rate when S Ͻ Ͻ p K m , was only 1.1-1.2, and this unusually low temperature sensitivity was the result of a strong growth of p K m . This parameter typically increased by an order of magnitude upon heating from 10 to 50°C (Table 1 and Fig. 2B) , and the direct meaning of this is that the substrate load required to achieve half of the maximal rate increased about 10-fold in this temperature interval. However, as p K m defined in Equation 2 is the ratio of the off-and on-rate constants, p K m may also be interpreted as a dissociation constant for the enzyme-substrate complex, and this underscores that its stability decreased noticeably upon heating. The same conclusion was reached from the independently measured K p values (Table 1) . It should be noted that K p corresponds to a binding constant, and hence it is the reciprocal, 1/K p , that is relevant to compare with p K m . It appears from the results in Table 1 that 1/K p also increased strongly with temperature, and it follows that both kinetic and adsorption data confirm the same trend of a much weaker interaction as temperature increased. This agreement also offers model-independent support for the general validity of the kinetic analysis. Further inspection of Figs. 2B and 3B shows that the temperature-induced loss of affinity was particularly strong for one-domain enzymes. In fact, for enzymes without a CBM, Q 10 for p was essentially 1 (Fig. 3C) , thus suggesting that their activity was almost independent of temperature at very low substrate loads. We interpret this behavior as the result of an almost complete balancing between the normal acceleration of the catalytic steps on one hand and a shift toward less enzyme-substrate complex on the other hand. If we combine the observed effects of the CBM at high and low substrate loads, it appears that the binding module exerted a dual role on temperature activation. On one hand, the CBM hampered activation because it reduced growth in the maximal rate (Q 10 for p V max was smaller for the two-domain enzymes). On the other hand, it favored activation by diminishing the tendency of desorption from the substrate as temperature increased (Q 10 for p K m was also smaller for twodomain enzymes). As a consequence, the CBM favored activity at low, but not at high, substrate loads as illustrated in Fig. 4 . The same conclusion has been reached previously by Viikari and co-workers (56 -58) , who studied a number of systems and conditions including lignocellulosic substrates and long term experiments with significant conversion. These workers concluded that the increased probability of enzymes to find the substrate at high loads would compensate for the lower affinity of one-domain enzymes (56) . This argument is along the lines of Le Chatelier's principle, which stipulates a shift toward the adsorbed form at high loads, and the results in Table 1 are compatible with this. However, the current results suggest that other factors must be considered to rationalize relationships between the CBM and catalytic efficacy. Thus, at saturating substrate loads, the one-domain enzymes were consistently about 2-fold faster than enzymes with CBM, and this cannot depend on adsorption because the whole enzyme population (whether one-or two-domain) is adsorbed at saturation. We conclude that the CBM effects both adsorption and catalysis: it promotes adsorption and hence enzymatic activity at low substrate loads where "finding" the substrate is critical but exerts a negative effect on the rate of catalysis, which becomes evident at high loads. For a processive enzyme, this effect of the CBM could rely on a slow dissociation (i.e. low p k off in Scheme 1).
Several studies have suggested that at least under some conditions the overall hydrolytic rate is governed by the release of unproductively bound enzymes, which although associated with a cellulose strand are prevented from further processive movement by irregularities on the cellulose surface (39, 59 -61) . If CBM-cellulose interactions indeed contribute to a slower dissociation, higher maximal rates for the one-domain variants could reflect faster dissociation of unproductively bound enzyme (and hence earlier recruitment for new attacks). This interpretation parallels a recent study where the substrate affinity of Hj CBM was lowered by the mutation W38A in the catalytic domain (25) . Kinetic analysis of this variant at 25°C showed a 4-fold increase in p K m and a 2-fold increase in p V max compared with the wild type. Interestingly, these relative changes are essentially identical to those seen when comparing Hj CBM and Hj CORE at 25°C (Table 1) . In other words, we find the same inverse correlation between affinity and maximal rate in variants that are modified in very different ways, and although two examples are obviously not sufficient to make any general conclusions, the coincidence supports both the interpretation that p k off is rate-limiting and the conclusion that the CBM makes a negative contribution to this rate constant (and hence slows down dissociation).
In conclusion, we have measured activity and adsorption on insoluble substrate of four related cellobiohydrolases in small increments of temperature and substrate load and used a steady state model for processive hydrolysis to analyze their temperature activation. The most temperature-sensitive parameter was the maximal rate, which showed Q 10 values up to 2.6. This degree of activation is comparable with or slightly higher than results from earlier studies on cellobiohydrolases acting on soluble substrate analogs. We suggest that this provides a measure of the thermal acceleration of the reactions steps in the investigated enzymes. Other factors including temperature-induced changes in the structure of cellulose cannot be ruled out but appear unlikely. Thus, although earlier works have identified such changes, they were only seen at far higher temperatures (51) . Heating was associated with a pronounced reduction in substrate affinity, and this was reflected in p K m and 1/K p , which both grew by about an order of magnitude between 10 and 50°C. One consequence of this was that the overall hydrolytic rate showed little and in some cases no (see Fig. 2C ) increase with temperature in dilute substrate suspensions. The investigated cellobiohydrolases were chosen to elucidate whether the CBM and natural adaptation to higher temperature influenced temperature activation. We consistently found that the CBM lowered both p V max and its increment with temperature. This negative contribution of the CBM to activity was counteracted by its promotion of substrate affinity, and as a result, the presence of a CBM was an advantage for activity at low substrate loads but a disadvantage for activity at high loads. The substrate load where the effect of the CBM on activity changed sign increased strongly with temperature (Fig. 4) . The effect of the CBM was similar for the Hj and Re enzymes, although the former is naturally evolved with a CBM, whereas the latter is not. Hence, we did not find signs of additional interactions in the Re enzyme, which might have evolved to compensate for the lack of a CBM. The results revealed a moderately higher tempera-ture activation (0.2-0.3 Q 10 unit) of p V max for thermophilic (Re) enzymes compared with the mesophilic (Hj) analogs, and this behavior was in line with general theories on temperature adaptation of enzymes and may suggest that enzymes from thermophilic organisms are beneficial for technical applications with respect to both physical stability and temperature activation. Author Contributions-T. H. S. and P. W. conceived the study and wrote the paper. N. C. B. contributed to the analysis and interpretation of data based on the steady state model. M. S. W. designed, constructed, and expressed the WT and mutant proteins and revised the work associated with the writing of the article. S. F. B. purified the mutant proteins and designed, performed, and analyzed the experiments in Fig. 5 . K. B. and T. H. S. coordinated and made the strategy for the experimental setup. All authors analyzed the results and approved the final version of the manuscript.
